In this study, an experiment was performed to clarify the flow field, in which the rods were normally inserted into a main supersonic flow with a porous cavity. In the experiment, a porous cavity is attached to a bottom wall of a main duct. A thermal tuft probe was adopted to detect a vertical flow direction in the cavity to monitor the flow behavior in the cavity. The experiments show that the three rods aligned spanwise retard the downstream displacement of the starting shock wave. It also reveals that the interaction among the rods, the porous cavity, and the starting shock wave changes the flow in the cavity suggesting the strong circulation between the cavity and the main supersonic flow. Moreover, the frequency shift of the cavity flow from about 370Hz to 400Hz is confirmed during the displacement of the starting shock wave from upstream to downstream of the porous cavity.
Introduction
There are a lot of applications of supersonic mixing to devices such as scramjet 1) engines, thermal sprays 2) , etc. Regarding the improvement of performances of these devices, there have been many reports of mixing enhancements under supersonic state 3, 4) . Hönig R., et al. 5) tested swept ramp and found that a combination of swept ramp and oblique shock improves mixing. Although there have been many efforts to clarify the mixing process and improve their performance, the flow energy loss cannot be avoided because the mixing process is considerably related to vortices that causes flow energy loss especially in a high speed flow situation. These mixing processes in a high speed flow also cause the lack of time to be mixed each other. Then authors consider that mixing process should be introduced to low speed region so that relatively weak vortices and enough time to mix for the flow can be ensured. The authors previously proposed a new concept, as shown in Fig. 1 , whereby the losses of flow field in the mixing process might be reduced 6, 7) . In the first stage, the jet is injected in a direction normal to the main flow. The jet is considered as an obstacle to the main supersonic flow. Then a bow shock wave is generated and causes a pressure difference between upstream and downstream sides of the shock wave. Pressure differences also exist on the porous wall and inside the cavity, which drive the flow in the cavity. At the same time, together with the main flow, the injected jet is sucked into the cavity through the porous holes. The flow velocity in the cavity is reduced enough to allow mixing of the injected jet and the main flow. The flow in the cavity is spouted again, achieving small fine injections through many small porous holes. Using the device, we already evaluated the effect of the combination of porous cavity and the rods or jets on the flow 8, 9) . Accordingly the flow direction is affected not only by the rods and jets also by the relative position of the starting shock wave to the cavity. The strong three dimensionality due to a bow shock wave is also expected to Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. affect inside of the cavity causing three dimensional flow structure. Then, even the same streamwise directions of the two positions of the thermal tuft probe, the perpendicular flow to the streamwise direction should be checked to figure out the precise flow structures. In this report, the two thermal tufts are rotated by 90 degrees compared to the previous reported so that the flow perpendicular to streamwise direction can be detected with the devise. And rods were used instead of jets.
The direct measurement of the flow direction is one of our objectives to confirm the circulation in the cavity.
Experimental Procedure
The blow-down wind tunnel was used for this experiment. The schlieren method was performed using a xenon spark light source to visualize the density field. A schematic diagram of the nozzle and test section is shown in Fig. 2(a) . The test section is attached to a diverging nozzle with a designated Mach number of 2.2. The test section has a diverging angle of 1° for each side in order to avoid large amplitude oscillations of a starting shock wave. The x direction, along the flow direction originating at the throat, is non-dimensionalized by the nozzle throat height h * =5 mm. The spanwise length of the test section, which is divided by h * , is 6. A cavity with a porous wall is installed within the range of x/h * =7.0~11.4. The depth of the cavity is h c /h * =1. Nondimensionalized diameter and pitch of the porous wall are 0.2 and 0.4, respectively. Eleven holes are distributed in the streamwise direction and fifteen holes are distributed in the spanwise direction. The porosity, which is defined as the ratio of the total area of the holes to the porous region, is approximately 0.196. Rods are inserted from the porous wall side. The experiments were conducted for wind tunnel pressure ratios p 0 /p b of between 2.0 and 3.0, where the pressure ratio p 0 /p b is defined as the ratio of the stagnation pressure p 0 in the settling chamber to the back pressure p b . To monitor the flow direction, a thermal tuft probe is adopted for detecting one dimensional flow direction. The response of the thermal tuft probe is evaluated by a shock-induced flow. Its shock Mach number and flow velocity are 1.052 and 28.8 m/s, respectively. As a result, it is found to take 0.531 ms for the probe to reach the peak value of the probe output, which corresponds to the frequency of 1.88 kHz. Accordingly, the response of the thermal tuft probe is high enough to measure this type of flow field. The thermal tuft probe is installed at x p /h * =8.6 and 9.8 in the cavity as shown in Fig. 2 (a). Non-dimensionalized spanwise distance between the side wall and measurement point of the thermal tuft probe is 2.4, which corresponded to the middle point between rods. An enlarged view is shown in Fig. 2(b) . In the following discussion, the flow directions shown in Fig. 2 
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Flow visualizations
Figures 4(a) through (d) show schlieren images at p 0 /p b =2.8 for 000, 010, 030 and 111, respectively. In the figures, magnified images near the porous region are also provided as a reference. In Fig. 4(a) , there is a starting shock wave at x/h * =13 on the upper wall. Some compression waves are observed on the porous region. In order to confirm an effect of the single rod on the flow around the porous region, it is inserted at the middle of the porous region, which is shown in Fig. 4(b) . The compression waves originating from the porous holes are considered to be weak because the interaction between the compression waves from the lower wall and that from upper one seems not to have affected each other suggesting that they are Mach waves. So it is considered that the single rod does not have large effect on the circulation between main flow and cavity flow. Moreover, a dark and thick curved compression region is observed at x/h * =13.0. It is due to the incidence of the bow shock wave resulting from the Pe_31 interaction between the supersonic main flow and the single rod. In Fig. 4 (c), a strong bow shock wave from the top of the rods is confirmed. The curved line which is also observed in Fig. 4(b) denotes that the impinging line on the side wall moves upstream because the bow shock wave widened due to the spanwise arrangement of the three rods. In addition to the curved shock wave, a straight compression wave is observed at x/h * =10.0. It is considered that the blowing flow from the cavity to the main flow generates the compression wave which is not observed in case of the pattern 010 in Fig. 4(b) . In Fig.  4(d) , three bow shock waves are generated by the rods aligned streamwise. According to schlieren images, compared with an effect of 030 on circulation between main flow and the cavity flow, effect of 111 is weak regardless of the same number of the rods as that of 030. Figure 5 shows the starting shock wave positions on the lower wall for 000, 010, 030 and 111. In this figure, previous results reported by authors 9, 10) are shown as a reference. Dashed lines indicate a start and an end of the cavity. The starting shock wave positions for all cases move downstream as the pressure ratio increases. There are large differences in the shock position around porous region. The pressure ratios of the starting shock wave passage through porous region for 000, 010, 030 and 111 are 2.4, 2.5, 2.7 and 2.5, respectively. As for the rod arrangements, pattern 030 has a large effect on the starting shock wave passage through porous region. The pressure ratio at which the starting shock wave passes through the porous region for 111 is the same as that of 010 regardless of the number of rods. Thus it is considered that the number of rods on effective sectional area perpendicular to streamwise direction affects the starting shock wave moving downstream.
Comparison of upward flow ratio at two points
Figures 6 show upward flow ratio for 000 and cavity flow image at p 0 /p b =3.0, respectively. The upward flow ratio is calculated by the output of the thermal tuft probe with which it is defined by a ratio of the duration time of upward flow to the total measurement time. In Fig. 6(a) , the upward flow ratio at x p /h * =8.6 keeps over 80% for the all pressure ratio so the flow direction at x p /h * =8.6 is mainly upward for p 0 /p b =2.0~3.0 regardless of the starting shock position. On the other hand, upward flow ratio at x p /h * =9.8 increases at the pressure ratio of 2.0 until 2.3 to reach the ratio of about 50%. After that, the upward flow ratio decreases to 0%. The starting shock wave is located over the porous region when the upward flow ratio increases for p 0 /p b =2.0~2.3. Figure 6 Fig. 7(a) , the upward flow ratio at x p /h * =8.6 is between 60% and 80% for p 0 /p b =2.0~2.4. However, after p 0 /p b =2.5, the upward flow ratio decreased to near 40% so the flow direction is slightly downward. Deducing from the shock positions in Fig. 5 , it is found that the flow direction changes from upward to downward after the starting shock wave moved downstream of the porous region. Moreover, the upward flow ratio is near 50%. So the flow direction at x p /h * =8.6 is considered to be unstable. The upward flow ratio at x p /h * =9.8 increases with the pressure ratio up to 2.4 and then decreases at the pressure ratio larger than 2.4. The starting shock wave passes through the porous cavity at p 0 /p b =2.5, as shown in Fig. 5 . So the flow direction tendency in the cavity is influenced by the starting shock wave position. In terms of supersonic mixing, it is necessary to consider the range for p 0 /p b =2.5~3.0. In this range, the upward flow ratio is less than 50%. Fig. 8(a) , the upward flow ratio at x p /h * =8.6 is over 50% for p 0 /p b =2.0~2.7 except for p 0 /p b =2.6. And the upward flow ratio becomes almost 50% for p 0 /p b =2.8~3.0. The pressure ratio of the starting shock wave passing through porous region is 2.7 in the case of 030. Thus the flow direction is unstable after the starting shock wave goes through porous region. On the other hand, the upward flow ratio at x p /h * =9.8 is 10% at p 0 /p b =2.0 so the flow direction is downward. But the upward flow ratio increases as the pressure ratio increases. The upward flow ratio, finally, is almost 100% for p 0 /p b =2.5~3.0. According to Fig. 5 , the pressure ratio of the starting shock wave passing through porous cavity is 2.7 at which the process of change in direction form upward to downward has completed. Figure  8 (b) shows the flow direction at the measurements point of 8.6 and 9.8 at p 0 /p b =3.0. At x p /h * =8.6, the percentage is similar to that of 010. Therefore, there is no large difference between single rod effect to the flow direction and three rods one at x p /h * =8.6. However, the flow direction at x p /h * =9.8 is completely opposite to that of 000 and 010. So the effect of three rods appears mainly in downstream side.
Figures 9 show upward flow ratio for 111 and cavity flow image at p 0 /p b =3.0, respectively. In Fig. 9(a) , the upward flow ratio at x p /h * =8.6 is around 80% for p 0 /p b =2.0~2.4. After that, the upward flow ratio decreases to 0%. In the case of 111, the pressure ratio of the starting shock wave passing through the porous cavity is 2.5. Thus the flow direction at x p /h * =8.6 is downward when the main flow on the porous region is supersonic state. In the case of measurement point of 9.8, the flow direction at p 0 /p b =2.0 is downward, which reads 10% of upward flow ratio. And the upward flow ratio increases as the pressure ratio increases. At p 0 /p b =2.6, the upward flow ratio reaches almost 100%. In this case, the cavity flow direction at two measurement points became stable after the main flow on the porous region is supersonic state. Figure 9(b) shows the flow direction at the measurements point of 8.6 and 9.8 at p 0 /p b =3.0. In the case of 111, flow directions at x p /h * =8.6 and 9.8 are completely downward and upward, respectively. These directions are quite opposite to that of 000. The number of the rods for 111 is the same as that for 030. But the effect to the flow direction of 111 differs from that of 030. Thus it is effective to change of rod arrangements for control of flow direction in the cavity as shown in Fig. 1. 
Frequency analysis of thermal tuft probe output
Figures 10(a) and (b) show frequency analysis of the output of the thermal tuft probe at x p /h * =8.6 and 9.8. Vertical axis shows power spectrum which is divided by maximum value of power spectrum at each pressure ratio. As for the pressure ratio of 2.0 shown in Fig. 10(a) , the power spectrum of the frequency range from 0Hz to about 380Hz reveals the gradual peak even in the case of no rod. Considering the pressure ratio of 2.0 that directly affects the shock position, the starting shock wave is located upstream of the porous region. In other words, the porous region is considered to be fully subsonic state. As the pressure ratio increases, the starting shock wave starts to interact with the porous cavity. Then, relating high and clear peaks appear. On the other hand, in case of the pressure ratio of 2.4, the power spectrums of wide frequency range for 000 decreases, while the other cases remain small peaks. The frequency shifts due to the pressure increase might be explained by lengthening the feedback path which is related to the shock positions. Therefore, one of the possible paths of the feedback loops is between the upstream side of the cavity wall and the shock foot on the porous wall. Figure  10 (b) exhibits the case of x p /h * =9.8. It also indicates the frequency shift as the pressure ratio increases. However, the power spectrum for 000 at the pressure ratio larger than 2.3 decreases. It might be attributed to the strong three dimensionality in the cavity which is driven by the pressure distributions on the porous wall interacting with the starting shock wave.
Conclusions
The interaction between supersonic main flow and rods surrounded by the porous cavity was experimentally investigated by detecting vertical flow direction in the cavity with the thermal tuft probe. The results are summarized as follows:
1) The porous cavity without rods attached to main duct has no large effect on the main flow when the starting shock wave exists downstream of the porous cavity.
2) The flow direction in the cavity is affected by the starting shock wave position. In the case of three rods aligned streamwise, the flow direction at x p /h * =8.6 is changed shift shift from downward to upward during the starting shock wave passed over the porous cavity. 3) Cavity flow direction is affected by rods inserted into main flow. For example, three rods aligned streamwise change flow direction at measurement points into opposite direction to the only porous cavity. 4) The frequency shift from about 370Hz to 400Hz is confirmed during the displacement of the starting shock wave from upstream to downstream of the porous cavity.
